[1] This research develops a hydroeconomic modeling framework for integrating climate change impacts into the problem of planning water resources infrastructure development. It then illustrates use of that framework in evaluation of two alternative sizes of a potential hydropower project along the Blue Nile in Ethiopia. Storing water in a Blue Nile reservoir provides an interesting case for testing this integrated approach because such a project would induce a number of physical and economic changes, both transboundary and climate-dependent. The proposed framework makes two contributions to the existing literature on water resources project appraisal. First, it demonstrates how routinely used hydrological modeling techniques can be supplemented with Monte Carlo simulation to include economic uncertainties inherent in the planning problem, in addition to its more commonly considered physical dimensions. Second, it demonstrates how analysts can include a number of linkages between climate change, hydrology, and economic production in conventional planning models to develop better understanding of the complexities and important uncertainties associated with future conditions. While the framework described here has not been used in a full analysis of alternative development projects in the Blue Nile, the general approach could be combined with a variety of decision-analytic tools to evaluate design and management alternatives in water resources systems. 
Introduction
[2] According to the Intergovernmental Panel on Climate Change, climate change is likely to have a complex set of impacts on water resources throughout the world [Intergovernmental Panel on Climate Change (IPCC), 2007b] . Warming attributable to rising atmospheric concentrations of greenhouse gases will affect ocean and surface temperatures, precipitation patterns, evapotranspiration rates and the demand for water in agriculture, the frequency and intensity of storms, the timing and magnitude of runoff, and sea level in coastal communities [Frederick and Major, 1997; IPCC, 2007a] . There has been extensive research and modeling aimed at assessing the magnitude of such impacts under different emissions scenarios in the global context and in specific regions [Arnell, 2004; Leavesley, 1999; Milly et al., 2005; Vicuna and Dracup, 2007] . Still, there is considerable debate and uncertainty about regional impacts. To date, little practical research and guidance exists on how the range of possible effects of global warming should be integrated into planning new capital-intensive investments in water resources, as well as renewal of old infrastructures.
[3] This research develops a hydroeconomic modeling framework for integrating climate change into the problem of water resources infrastructure decision making. In theory, there are a very large number of potential linkages and feedbacks between climate change and water resources systems (Figure 1a) , and tractability precludes inclusion of all of them at one time in a given analysis. There is, however, a need for an investment planning framework that could accommodate the diverse interrelationships between climate and water. The framework proposed in this paper allows for consideration of a reduced set of physical and economic impacts of climate change ( Figure 1b ). As such, they can better be considered simultaneously. To achieve this, the framework first includes explicit functional linkages between climatic factors (such as temperature and precipitation), specified based on General Circulation Model or other relevant future projections, and many of the hydrological model components that these factors influence. Such components include relationships with runoff, net evaporation from reservoirs and lakes, water demands, flood and drought risks in the system, and streamflow routing equations. The proposed framework thus allows comparison of system outputs in physical terms under historical and changed conditions.
[4] The framework also allows analysis of economic uncertainties and relative changes in the real value and productivity of the goods and services generated by hydrological systems. The economic value of physical outputs of such systems is likely to be influenced by changing climate, a fact that has not been widely acknowledged in the water resources planning literature. Large-scale changes in temperature and precipitation, for instance, are likely to influence the demand for water and hydropower, via at least two types of changes. First, the economics of the production processes using these inputs may be altered, if farmers increase or decrease their use of irrigation based on changes in temperature and rainfall. In supply constrained systems, this could lead to increases, or decreases, in the economic value of water. Also, energy suppliers and society may favor hydroelectric power generation to conventional fossil sources if carbon offsets gain value or if conventional energy sources become relatively more costly. [5] Second, consumption patterns of resources will be altered. For example, warmer temperatures may increase the demand for cooling energy while decreasing heating requirements. Sea level rise may increase the demand for environmental releases in river basins threatened with salt water intrusion. Indeed, relative changes in the value derived from resources affected by climate change play an important role in determining its economic consequences [Sterner and Persson, 2008] . While it is very difficult to predict changes in relative economic values over the course of a long project lifespan, it is important to acknowledge that these effects could compensate for or exacerbate the physical effects of climate change. They could also alter the trajectory of efficient, or even socially beneficial, policies and investments in infrastructure.
[6] Given the high level of uncertainty associated with these types of physical and economic changes, it would seem that a new approach for integrating the economic valuation problem with standard water resources project appraisal methods would be useful. Current water resources planning methods were largely developed during the first half of the twentieth century, and extended through the contributions of the Harvard Water Program and many others [see, e.g., Maass et al., 1962; Hufschmidt and Fiering, 1966] . Such analyses usually rely on some form of economic optimization to allocate water to its highest value uses or to maximize net benefits resulting from investment in new infrastructures [Harou et al., 2009 ], but they are rarely used outside of academia (except perhaps in specialized operational applications). Planners who do use optimization often complement it with simulation methods, in order to address hydrological risks and uncertainties. However, even they tend to treat economic factors (or cost and benefit curves) as fixed parameters (or functions) within the valuation equations that are used to calculate the net benefits of new projects.
[7] This paper is not the first to suggest some need for rethinking these planning methods. Critiques of standard planning approaches have largely been motivated by a heightened concern over climate change, although changing conditions (defined broadly) have long presented problems for water resources specialists [Lettenmaier, 2008] . In effect, it is no coincidence that there is a large body of research demonstrating new modeling approaches for integrating climate change aspects into hydrological planning applications Lettenmaier et al., 1999; Stakhiv, 1998 ]. To date, however, this research has generally been limited to the physical aspects of water resources systems, and provides only limited insights into the economic implications of changed conditions. Analyses limited to physical impacts may miss critical economic feedbacks, leading to erroneous conclusions about project net benefits. It may seem counterintuitive, but a hydropower dam could actually generate greater economic benefits if river flows are reduced under climate change. For example, increases in the real value of power plus the value of carbon offsets might outweigh losses associated with reduced power production. Similarly, the value of an irrigation dam may decrease when river flows increase, if the value of storage decreases due to reduced water scarcity.
[8] The paper is organized as follows. Section 2 describes in basic terms the elements of the framework that is typically used in systems planning applications, explains some of its key assumptions, and offers a proposal for extending that assessment framework to better consider uncertainty over future conditions. Section 3 specifies how this modified approach is made operational, and discusses the models used in this paper's Nile Basin application. Section 4 describes the project alternatives and analyses used to illustrate the modified framework. Section 5 presents results pertaining to the influence of different components of climate change and project uncertainties on the economic outcomes of the example reservoir project. A discussion of these results follows in section 6, and section 7 concludes.
Comparing Current Water Resources Planning Models With the Proposed Framework

Standard Water Resources Planning Model
[9] In its simplest form, the typical water resources planning problem taught to water resources professionals in graduate level courses is set up as a deterministic optimization problem that treats hydrologic or economic parameters and functions as fixed and known quantities [Loucks et al., 1981 [Loucks et al., , 2005 Maass et al., 1962; ReVelle and McGarity, 1997] (there are of course a very large number of different variations of the basic model presented here, which is used only for illustrative purposes). Though the form of the objective function varies, the most appropriate economic criterion is to maximize the net present value (NPV) obtained from the universe of potential infrastructure(s) options. Other common formulations are to minimize investment costs subject to constraints on water supply reliability or power generation capacity, or to maximize benefits subject to cost or other constraints [ReVelle and McGarity, 1997] . A variety of studies using different objective functions can be found in the literature; a detailed summary is not presented here. Many of today's water resources modeling packages can be parameterized to allow economic optimization, given assumptions or data on the demand for hydropower, irrigation and other water supply, and other water system outputs.
[10] The constraint structure of deterministic economic optimization models used in water resources is largely provided by system continuity equations, calibrated using observed historical flows. In the simplest applications of these models, analysts use optimization techniques to explore the economic value of system impacts that would have resulted if different (and new) flow regulating infrastructures or consumptive water withdrawals were present in it, and/or if its existing allocations or operating strategies were altered. Objectives other than maximizing NPV can be incorporated with additional constraints.
[11] As planning tools, economic optimization models are particularly useful for screening project alternatives, i.e., for narrowing the choice set. They allow a detailed focus on specific regions or types of infrastructures that are likely to generate the greatest net benefits. For example, this paper considers the economic performance of a potential hydropower dam in the Eastern Nile, a region for which optimization tools have been used to motivate additional study of possibilities for hydropower in the Ethiopian Blue Nile [Whittington et al., 2005; Wu and Whittington, 2006] .
[12] Nonetheless, water resources planning textbooks acknowledge that deterministic economic optimization at best constitutes a partial analysis. Its key shortcoming is the assumption of perfect foresight; water resources managers are allowed to know river flows with certainty, and to operate the system efficiently based on that knowledge, allocating water to its known highest value uses [Harou et al., 2009] . More complete project planning (Figure 2 ) usually relies on use of operating rules developed based on the results of optimization to conduct repeated simulations that test the sensitivity of results to important uncertainties: model assumptions, natural variability in river flows, future water demands, or infrastructure design parameters. At best, the planner will supplement simulations based on the historical flows with ones that use stochastic flows, in order to better understand the risks that are associated with the different system designs and/ or operating rules [Harou et al., 2009; Loucks et al., 1981] . Stochastic linear programming or dynamic programming can also help guide design and refinement of operating rules, though the objective function of these models is usually limited to physical objectives [Yeh, 1985] .
[13] When conducting economic analysis of new investments or management strategies, modelers tend to analyze "worst" and "best" case scenarios that correspond to pessimistic and optimistic assumptions about the future; these are considered to generate reasonable upper and lower bound indicators of the performance of alternative investments. Probabilities are sometimes assigned to these future scenarios, such that analysts can compute and consider the expected NPV of different project options. These planning studies generally assume that historical climate conditions provide sufficient information for reliably predicting future system behavior.
Challenges to Use of the Standard Planning Model
[14] In the past, it has been argued that this planning model is very infrequently used in real-world systems design [Rogers and Fiering, 1986] and that reservoir operating rules are only rarely developed based on results obtained from systems analysis techniques [Yeh, 1985] ; these points are reiterated in a recent review of hydroeconomic models [Harou et al., 2009] . More precisely, it is clear that hydrological routing models and other types of water resources modeling tools are widely used by engineers and planners around the world, but that systems optimization applications, particularly economic optimization, remain rare outside academia, despite the emergence of the integrated water resource management paradigm [Bouwer, 2002] . This is somewhat surprising considering the number of such applications in the academic water resources literature.
[15] Scholars offer a number of explanations for why such models have not made greater inroads among practitioners. Rogers and Fiering [1986] emphasize institutional resistance and contextual factors. In the U.S., even as economic analysis of large public investment projects was first initiated in the field of water resources [Hanemann, 1992; Inter-Agency River Basin Committee, 1950] , systems planning techniques developed too late to influence project selection. Infrastructures were built piecemeal and integrated river basin plans were rare. Furthermore, the economic studies ostensibly used to guide implementation decisions only played a marginal role in the ultimate choices that were made [Eckstein, 1958; Krutilla and Eckstein, 1958] . In developing countries, reasons posited for resistance to systems optimization models include insufficiencies of high-quality data, a paucity of tools that are complete enough to test the robustness of "optimal" solutions, and a lack of stakeholder involvement in model development.
[16] Rogers and Fiering [1986] and Harou et al.
[2009] discuss other technical and interpretation problems related to optimization models. In the context of this paper, four interrelated issues stand out: (1) the challenge of how to deal with general planning uncertainties, some of which are very large; (2) the lack of sensitivity of many systems to wide variations in design alternatives; (3) the existence of multiple near optimal alternatives; and (4) an inability to easily represent social, political and/or environmental objectives and risk aversion in the mathematical statements of optimization models. These issues interact to create a situation in which assumptions about parameter values or the appropriate formulation of constraints might plausibly lead to different optimal infrastructure bundles, although formal tests of this proposition are rare. It seems at least possible that multiple system designs could be justified in many cases; economic optimization models may then have little to say about the relative strengths of different options.
Toward an Integrated Simulation-Based Approach: Understanding General Uncertainties of the Systems Planning Model
[17] This section highlights many of the uncertainties which create challenges for planners who would use typical models for economic appraisal of projects in water resources. First, detailed time series data used to calibrate (and simulate) the system continuity equations, especially net evaporation from reservoirs, seepage, and water demands, is rarely available. Second, there may be a lack of confidence in the historical record of inflows or concerns over the long-term Figure 2 . The standard framework for economic appraisal of water resources investments. In this diagram, the shaded box represents a stochastic simulation procedure that is not always used by analysts; dashed arrows represent assumptions of maintained climate conditions behind this approach. stability of model calibrations developed using the instrumental record; a notable example is the Nile Basin discussed later in this paper [see Hassan, 1981; Shahin, 1985; Davies and Walsh, 1997; Nicholson, 2001; Nicholson and Yin, 2001; Marchant and Hooghiemstra, 2004] . Third, it is difficult to consider important economic uncertainties using the standard planning model. This is a major problem given that the NPV of capital-intensive water resources projects is known to be highly sensitive to economic parameters such as the discount rate, infrastructure costs, the value of irrigation water, etc. Fourth, some relevant costs and benefits may be difficult to monetize and omitted from the objective function, making it difficult to interpret economic outcomes (and creating a temptation to appeal to "intangible" or secondary benefits to justify projects).
[18] There is also a whole set of uncertainties related to future projections of system behavior, over the time horizon of interest to the planner (see Figure 3 for a conceptual diagram of how these enter into water resources system continuity equations). Projection of future consumptive water demands is difficult, especially when considering long-lived infrastructures that have the potential to foster large-scale, regional economic changes. There could also be systematic changes in the quantity, variability, and timing of runoff due to climate or land use changes, which remain uncertain and hard to represent despite advances in modeling (see Wood et al. [1997] or IPCC [2007a] for further discussion). Climatic perturbations are likely to interact with other parts of the system, altering physical properties such as net evaporation from reservoirs, demands for irrigation water and reservoir storage via changes in siltation rates. Plus, existing management regimes and usage patterns are endogenous and may themselves change in response to longterm perturbations in climate or settlement patterns, with system-wide consequences.
[19] These various issues may explain why ex post reviews of large water projects have often disagreed with the predictions of ex ante analyses. For example, the World Commission on Dams [2000] found that hydropower production from many large dams was often much lower than planners originally expected, and that assumptions about infrastructure costs were usually too low, both of which often led to overestimates of net benefits.
A Proposed Integrated Hydroeconomic Simulation Model for Project Appraisal
[20] Given these challenges, this paper proposes to extend the standard project evaluation framework, using the power of simulation methods to allow tests of the performance of different system configurations in various plausible, different states of the world. Such a simulation framework could not only be used to test the effect of natural variability and climate change on the physical behavior of water resources systems, as is routine in the field of water resources, but also the effects of those changes on the economic value of the physical outputs those systems generate. Furthermore, it could help to identify which assumptions about system behavior have the most influence on the performance of planned investments or policy changes. Greater knowledge of such sensitivities should help inform the selection of more robust projects and designs.
[21] An operational representation of the proposed framework is shown in Figure 4 . As shown, it contains eight steps and three sets of linked models, for streamflow generation, hydrological simulation, and finally calculation of net benefits. Steps 1 through 5 occur within the hydrological portion of the framework; steps 6 through 8 make up its economic portion.
[22] 1. First, define k future scenarios [1, …, K] and p + 1 infrastructure or management experiments [0, …, P], where p = 0 is the "no project" baseline configuration. Second, choose the first scenario (k = 1) and the "no project" configuration (p = 0).
[23] 2. Specify climatic and economic parameter values and linkages for scenario k (e.g., theoretical and/or empirical relationships governing net evaporation from reservoirs, water demands, changes in routing, economic value of system outputs, etc.).
[24] 3. Use a streamflow generation model to create n sequences of synthetic inflows [1, …, N] corresponding to the runoff characteristics for the chosen scenario k, each of which is at least as long as the potential lifespan for the project(s) being assessed.
[25] 4. Use a hydrological model to conduct simulation with each of the inflow sequences to generate N series of physical output measures for the system performance over [26] 5. Store the physical outputs from the system; then, if p = 0, skip to step 7, otherwise calculate incremental changes in the outputs due to new project p (where p = 1, …, P) relative to the "no project" (p = 0) baseline.
[27] 6. Calculate the net present value (NPV) of project p in climate scenario k by using Monte Carlo procedures to make random draws from the N sequences of incremental measures from step 5 and the specified distributions of uncertain parameters in the economic valuation equations.
[28] 7. If k < K and p < P, choose the next future scenario k + 1, or if k = K and p < P, set k = 1 and choose the next project p + 1 and repeat steps 1 through 6 (otherwise go to step 8).
[29] 8. When all projects P have been assessed in all scenarios K, analyze results and compare the performance of alternative plans across multiple scenarios with the aid of decision rules (such as minimax criteria for project risks or rules that put weight on projects that balance downside risks and upside benefits).
Using the Hydroeconomic Simulation Framework: Nile Basin Example
[30] This section describes in more detail how the general framework described above is used to evaluate the effects of a set of climate change linkages on the economic appraisal of a potential infrastructure project in the Nile Basin.
Component Models for the Application
[31] Basic information on the three models used for the Nile modeling application explored in this paper is presented in this section. Additional details on the calibration 
A Stochastic Streamflow Generator
[32] This model is used in step 3 of the framework to generate inflow sequences with historical or perturbed characteristics for input to the hydrological simulation model of step 4. It allows the analyst to generate many years of synthetic data that have similar statistical properties to those of the flows in the historical hydrological series (or statistical properties perturbed according to climate change projections). In theory, the techniques used could be based on stationary or nonstationary autoregressive models of various types; see, e.g., Fiering and Jackson [1971] for the basic theory or Bras and Rodríguez-Iturbe [1993] for more up-to-date developments. Stakhiv [1998] provides an example of how these models can be used to assess scenarios of climate change.
[33] In the application described in this paper, 10,000 years of stationary monthly inflows were generated at 11 inflow nodes to the Nile system (depicted by the inflow arrows in Figure 5 ) for two climatic futures, one historical, and the other based on preprocessed projections of runoff from a single emissions scenario of climate change. For simplicity, a very basic multisite autoregressive model was selected [Fiering and Jackson, 1971] . This model preserves spatial cross correlations of monthly inflows across the 11 given inflow nodes in the system. Depending on the skewness of the distribution of each month's inflows at these 11 nodes, normal, lognormal, or constant-adjusted lognormal specifications were used; goodness-of-fit tests (Breusch-Godfrey and alternative Durbin tests) were then conducted to select between specifications with one to three lag terms. In the interest of space, the specific equations of Figure 5 . Nile model schematic. Inflows for the 11 nodes are generated using the stochastic simulator, which preserves cross-node correlations.
the model are not presented here, but these have been made available in the auxiliary material. In general, the cumulative distributions of unperturbed synthetic inflows are very close to those of the historical inflows (available at most nodes for 50-70 years), and the temporal autocorrelation at each node is well preserved.
[34] Admittedly, there are a number of problems with using this approach for climate change scenario analysis. First, the statistical model assumes that flow stationarity holds over the flow period (here assumed to be 100 years). While it is possible to use streamflow generation procedures to account for nonstationarity, for simplicity the system was modeled as if it were stationary and experiencing a single changed climate condition. As a result, these flows are not feasible, and results pertaining to any given synthetic series cannot be considered to represent actual future outcomes. Nonetheless, the modeled perturbation can be used to explore the general consequences of mean changes in flow that are projected to be realistic at some point in the future, and thus help to inform the planner of how robust the system is to such mean changes. Thus, if the time horizon of interest is 50 years, the planner might consider projections of such changes at various points over the 50 year time horizon, to see how the system performance might change over the relevant time horizon. Another way of thinking about this is that relatively straightforward sensitivity analyses on changes in the mean of inflows provide valuable insights to planners and should probably generally be included in water resources planning processes.
[35] Second, the generation procedure would ideally preserve other statistical properties of flows besides the mean, variance and autocorrelation, i.e., skewness and autocorrelation [Fiering and Jackson, 1971] . However, such properties are also likely to change with (1) perturbations to the historical flow mean and variance and (2) climate change, as regional circulation patterns change. There has been limited research into the hydrological effect of shifts in autocorrelation or in the higher moments of the statistical distribution of runoff. The simple model used in this paper does not make any attempt to incorporate or control for these other types of changes.
A Hydrological Simulation Model
[36] The second model of the framework describes how the inflows enter and move through the water resources system, with and without new projects and/or operating regimes, and under changing climate conditions. The basic structure of this model is provided by the following flow continuity equations, adapted from Loucks et al. [1981] :
[37] For all nodes in the system (i.e., river nodes and lakes and reservoirs): [38] These equations are written for a monthly time step t; all the variables in equation (1) are therefore monthly water volumes. For flow at modeled river nodes without storage infrastructures, the storage terms S s,t and S s,t-1 and the evaporation and seepage terms E s,t and L s,t are set equal to zero, such that the constraint in equation (1) simplifies to
[39] Furthermore, inflows Q s,t are represented as the combination of outflows from the upstream site or node s-1 and the local increment to natural streamflow DF s,t (or local runoff) between sites s-1 and s, as in the work by Cohon [1978] : In this formulation, the local runoff DF s,t is determined by calculating the difference in flow F s,t − F s-1,t at adjacent nodes in the historical series. (It should be noted that this DFs, t increment is not strictly equal to local runoff into the river between nodes s-1 and s, as it includes evaporation, seepage losses, and unmeasured consumptive use by people or industries located along the river. To the extent that these factors vary over time, there may be systematic bias in using this approach for predictive purposes).
In the Nile Basin model, because there are also long river stretches in Sudan and Egypt over which there are no important sources of local runoff, flow calibration is enhanced using lag regression models applied to historical gauge records at adjacent nodes s-1 and s. Specifically, the observed flow in the historical record F s,t at node s is expressed as some combination of n lagged flow terms at nodes s and s-1:
where a j,t is regression coefficient on flow at node j and time t [unitless] and k s is constant shift term obtained from regression model [L 3 ].
[41] The structure of this model and its calibration follow closely that of the Nile Decision Support Tool, or Nile-DST, developed at the Georgia Water Resources Institute [Yao and Georgakakos, 2003] . Figure 5 shows the model schematic; diagnostics pertaining to the calibration of the lag regression models using naturalized historical flows are available as auxiliary material. The model used for the research described in this paper has been configured to include additional storage and flow nodes to those in the Nile-DST, to allow input of either historical or synthetically generated inflows, to specify more possibilities for water withdrawals, and to modify design and operational attributes for new infrastructure projects. In addition, a number of functional relationships, referred to in this paper as physical linkages, have been created between climate variables and the terms in the continuity equations: (1) the effect of changes in temperature and precipitation on net evaporation from system lakes and reservoirs (changes in the term E s,t in equation (1) for all lakes and reservoirs); (2) temperature-induced changes in crop water requirements (changes in D s,t in equations (1) and (2); for all nodes where water demands exist, see Figure 5 ); and (3) the effect of precipitation changes on irrigation water requirements (again, changes in D s,t ). These functional linkages, as well as the economic linkages described further below, are explained in more detail in Text S1. Also, as pointed out by a reviewer, there are many physical and economic linkages that have not been included in the analysis. Some of these are explicitly mentioned further in section 6; future research should aim to explore their economic consequences just as this paper has studied the effects of six included linkages plus runoff changes.
[42] In using the framework to understand the behavior of a specific configuration of the system in a given climate condition, the analyst conducts repeated simulations for that configuration using the n series of inflows (in this paper, the 10,000 years of flows generated by the stochastic generation procedure carried out in step 3 were divided into one hundred 100 year series). Each such simulation results in a unique set of system outputs. These unique series' of outputs can then be analyzed to obtain physical reliability measures that are often of interest to water resources engineers. For assessment of a new project or management strategy p j , the system must be simulated twice, for the p = 0 configuration and the p = p j configuration. Changes in overall system outputs with the new project can then be computed (in step 5 of the framework) relative to the baseline configuration for each of the unique inflow sequences. These incremental changes (e.g., in water demands met, hydropower produced in the system, and peak flood flows) provide understanding of the basin-wide consequences of different projects, and they are required inputs to the third, economic appraisal model.
An Economic Appraisal Model
[43] The economic appraisal model employs Monte Carlo simulation procedures to calculate project Net Present Value (NPV) under a wide range of possible physical and economic conditions. The effects of physical variability are transmitted through the n sequences of incremental outputs pertaining to each unique inflow sequence and obtained from comparing with and without project configurations of the system. Economic uncertainty is transmitted through specified probability distributions of economic parameters in the valuation equations.
[44] Using Monte Carlo methods, the model then samples randomly from the unique sequences of incremental project outputs (in this case, from the one hundred 100 year series, each of which is assumed equally likely), and from the specified economic parameter distributions used to value those outputs. Each Monte Carlo trial yields a unique project NPV, obtained by aggregating the costs and benefits calculated for the values drawn for that trial:
where NPV sum of discounted net benefits, in monetary units; B t sum of benefits in year t, in monetary units; C t sum of costs in year t, in monetary units; r(t) discount factor in year t, assumed to be 1/(1 + d) t , representing a constant exponential discount factor with discount rate d.
[45] Because new projects can be added to the system at any point in the sequence of inflows, the NPV calculations can readily incorporate the time needed for construction and filling of a new reservoir, if the infrastructure is specified to be empty at the beginning of a simulation. Also, as in the hydrological simulation model, functional relationships, referred to in this paper as economic linkages, can be created between climate variables and the valuation parameters. This paper considers a few such linkages: (1) increases in the value of energy due to reduction of supply of or increasing demand for conventional energy sources; (2) changes in the value of water resulting from more or less constrained water supplies (due to inflow changes combined with growing demand for water in irrigation); and (3) the value of carbon offsets obtained from hydropower (see auxiliary material for details on the specification of these linkages).
[46] In this paper's application, 10,000 Monte Carlo trials are conducted to yield a distribution of NPV outcomes for the infrastructure option being considered, conditional on the observed natural variability, included climate linkages, and economic parameters specified in the scenario of interest.
A Brief Digression: Interpretation Issues
[47] Before describing the specific experiments conducted in this paper to illustrate the use of this proposed framework, a brief discussion of issues related to interpretation of results obtained from it is warranted. This discussion is important because analysts using the framework would need to consider the performance of projects or policies under a range of different possible future scenarios, defined in terms of changes in climate, water or energy demands, and/or any other dimensions.
[48] Traditional economic appraisal methods for water resources projects seek to quantify as best as possible all of their economic costs and benefits. Economists typically spend considerable effort parameterizing cost and benefit functions (i.e., demand and damage curves) based on the best available information at the time of planning, and use those functions to determine the expected net benefits of different investment options. Unfortunately, the climate change problem does not readily lend itself to calculation of expected net benefits, because the probabilities associated with different climate futures are unknown (making aggregation of outcomes across scenarios impossible). Plus, the stability of the economic relationships in a world with changing climate may be misrepresented, although this problem can be reduced if the parameters and functions in those relationships are allowed to be stochastic. The conceptual problem with conducting such traditional economic analysis emerges from several aspects of climate change, most notably that (1) accurate prediction of future emissions levels is not possible, especially given uncertainty about future mitigation; (2) the ranges of most changes caused by greenhouse gas emissions, both physical and economic, are highly uncertain; and (3) the impacts are likely to vary regionally and temporally in ways that are not well understood and/or predicted using climate models available today. Indeed, the type of uncertainty that results is very much like the "unmeasurable" or "true uncertainty" of the "nonquantitative" type that Knight [1921] described.
[49] Application of the simulation framework proposed in this research allows the planner to analyze the relative risks and upside potential of different infrastructure projects across a range of plausible climate and/or other future scenarios. Decision analytic tools could then be applied to help interpret the results across infrastructure options and scenarios. Such a full analysis for the Blue Nile is however beyond the scope of this paper. Here, the purpose is rather to demonstrate the types of linkages and uncertainties that can be considered using the proposed modeling approach. Nonetheless, some thoughts are offered for how multiscenario policy analysis could proceed in section 6.
Description of the Modeling Example
[50] This section and section 5 describe an illustrative application of the hydroeconomic modeling framework to a potential large infrastructure project on the Blue Nile. The application described here does not comprise a policy analysis of Blue Nile development opportunities or even of this specific Blue Nile project. The aim is instead to show how the various linkages between climate and infrastructure performance can be included in the economic appraisal of projects, and to test whether or not these are likely to be important. The analysis likewise does not focus on the state of the art for producing projections from climate models, and only uses a single climate change scenario for comparison with the historical condition. The importance to project NPV of uncertainty in different economic and hydrological factors is then discussed.
[51] The Nile Basin is an interesting case study for several reasons. First, much of the Blue Nile upstream of Egypt and Sudan remains unregulated. A series of studies conducted by the U.S. Bureau of Reclamation in the 1950s and 1960s identified several attractive sites for large hydropower infrastructures in its upstream reaches (with regards to hydropower potential, surface-to-volume reservoir ratio, low potential for displacement of local populations, and low risk of earthquakes) [BCEOM et al., 1998 ; U.S. Bureau of Reclamation, 1964; Whittington et al., 2009] . Second, there is an opportunity for collaborative planning of Blue Nile water resources investments among Nile riparians due to increasing participation in the Nile Basin Initiative and a growing understanding that upstream regulation has the potential for generating system-wide benefits. Third, initial research on climate change suggests that arid and semiarid developing countries (such as those which make up the set of Nile riparians) are particularly vulnerable to the impacts of climate change [Abou-Hadid, 2006; Conway et al., 1996; Deressa, 2007; IPCC, 2007a; Strzepek and McCluskey, 2007] . New or existing infrastructures may play an important role in adaptation to climate change, but little practical research exists to guide planners in which aspects of water resources projects provide such adaptation benefits in economic terms. Finally, there is substantial uncertainty concerning how climate change will impact the Nile Basin [Conway and Hulme, 1996; Gleick, 1991; Sayed and Nour, 2006] . The effect that such uncertainty could have on the economics of new projects has not been considered systematically in the literature, either in specific applications, or in general.
Approach
[52] This paper reports on the individual and combined influence of the physical and economic climate change linkages described in section 3 on the NPV of one Blue Nile hydropower dam. A basin-wide model is necessary for this analysis because changes caused by the climate linkages and the addition of the new dam propagate through the full set of system continuity equations.
[53] For simplicity, the NPV of the project under historical conditions is compared only with a single scenario of climate change. The latter scenario is constructed based on ensemble mean projections for the A2 emissions scenario from the Intergovernmental Panel on Climate Change (IPCC). The two climate scenarios, historical and A2, are characterized by temperature, precipitation and inflows into the river system. Average historical values for temperature and precipitation are used to define the historical condition, and these are perturbed according to the A2 projections for the climate change scenario. In the historical condition, mean monthly inflows are set equal to those in the historical series. For the A2 scenario, monthly runoff is perturbed by the multimodel ensemble mean obtained from other work for 2050 [Strzepek and McCluskey, 2007] , since the project time horizon is 75 years. Strzepek and McCluskey downscaled precipitation and temperature projections obtained from GCMs as input to a basic water balance model, to determine runoff from different Nile Basin subcatchments (see auxiliary material for further details). The stochastic inflow generator model is then used to produce series of inflows into the system at 11 points. This analysis also tests the sensitivity of results to a wider range of constant changes in system-wide inflows (15% decrease to 6% increase), informed by the magnitude of changes cited most frequently in the technical literature for this basin. Other moments and temporal and spatial correlation statistics of the inflows have not been changed.
[54] Both scenarios (historical and A2) assume the same level of irrigation and infrastructure development in the basin. Specifically, it is assumed that some additional irrigation development in the Eastern Nile will occur in Sudan and Ethiopia, consistent with aims expressed in country Master Plans (unpublished, internal documents). This development involves carrying out half of the Master Plan period projects in the Eastern Nile (Baro-Akobo, Blue Nile and Tekeze-Atbara catchments) plus some irrigation expansion along the Main Nile and Blue Nile in Sudan. Some of the expansion projects are currently underway, e.g., at Lake Tana in Ethiopia [World Bank, 2008] 
Reservoir Operating Rules
[55] A potentially important limitation of the analysis in this paper is the assumption that the dam project would be operated based on operating rules developed for feasibility studies and designed to maximize hydropower generation while maintaining minimum river flows. There is no irrigation or water supply associated with this project because it is situated in a remote, uninhabitable canyon in Ethiopia, so the question of localized tradeoffs between water supply and hydropower do not apply. However, coordination of releases with demands in the downstream system (or lack thereof) could serve to alleviate (or worsen) downstream demand shortfalls. The economics of this type of downstream coordination have not been examined in this paper. In principle, such analysis could be conducted using the inte-grated framework by specifying rules for prioritization of different water demands (each with different economic values) above target releases for hydropower.
[56] Also, while it is likely true that water would need to be partitioned among users in the event of shortages, these deficits have been assumed to fall entirely on the irrigation sector in Sudan and Egypt, which have low water productivity [Perry, 1996; Wichelns, 1999] . The occasional shortages in the cases that have been modeled are relatively modest relative to legal country allocations, except in Sudan which has insufficient storage to meet its water demands in all years because of flow variability. In general, it appears reasonable to assume that the irrigation sector currently bears the cost of these water shortages.
Parameters in the Economic Appraisal Model
[57] The costs and benefits of a large Blue Nile hydropower project have been described in other research [Whittington et al., 2009] . This case study application uses similar data, largely obtained from unpublished, internal project studies and summarized in Table 1 . For the economic appraisal calculations, highly uncertain parameters are assumed to be distributed uniformly over their possible ranges, because all values within the ranges are deemed equally plausible. A triangular distribution with peak probability at the expected value is assumed when data sources suggest that more confidence in expected parameter values is justified (for a description of the triangular distribution, see http://mathworld.wolfram.com/TriangularDistribution.html).
Results
[58] This section presents the results obtained from application of the integrated hydroeconomic assessment framework in this simple illustrative case. The first set of results presented here is similar to those yielded by the standard project appraisal methodology. The parameters in the valuation equations are assumed to be fixed (at their base case values; see Table 1 ) and known with certainty, and a single average hydrological flow series is used. The analysis is conducted for the project size recommended in pre- With A2 scenario temperature increases, these demands increase to 16.7 bcm/yr and 3.8 bcm/yr in Sudan and Ethiopia. Egyptian target demands remain at 55.5 as specified in the 1959 Nile Waters Agreement. c Each 100 year series from the simmodel was assigned an integer label. A random draw from the uniform distribution of integers then determines which series is used in each of the 10,000 Monte Carlo trials. feasibility studies. The only difference between this analysis and standard appraisal methods, at least for the scenario with climate change, is that it explores the influence of the various physical and economic linkages discussed above. Next, the two stages of model simulations are used to incorporate uncertainty in both the economic and hydrological aspects of the planning problem; these generate a much wider range of possible NPV results. The section concludes with a sensitivity analysis to determine which uncertain parameters are most important in affecting economic outcomes.
Effect of the Climate Change Linkages on Project Outcomes With Fixed Valuation Parameters
[59] Under historical climate conditions, the project NPV is 7.2 billion U.S. dollars (IRR = 10.6%) (Table 2, second column). The new dam contributes a great deal of new hydropower (about 10900 GWh/yr) and also affects energy production from downstream reservoirs. Power output in Sudan increases, as a result of more regulated Blue Nile flow (Figure 6 ). On the other hand, power generation decreases at the High Aswan Dam (HAD) in Egypt due to somewhat lower storage levels in Lake Nasser. This lower storage in Lake Nasser is itself due to two factors: (1) storage of substantial amounts of water in the upstream reservoir and (2) increased irrigation withdrawals in Sudan as a result of flow regulation. Indeed, without upstream regulation, Sudan is generally unable to reach its demand target because of the irregular flow in the Blue Nile, such that overall system deficits decrease (by about 0.8 billion cubic meters (bcm) per year) with addition of the new project.
[60] The climate change linkages affect these calculations in several ways. Since the A2 scenario projections predict reduced runoff in the Blue Nile, the resulting decrease in streamflow has an important negative effect on the project economics (third column). This effect stems from lower hydropower production and a reduced ability of the dam to reduce demand shortfalls in the downstream system, even though system deficits still decrease (by 0.6 bcm/yr with addition of the dam). Under the modeled conditions, changes in net evaporation from Nile Basin reservoirs and lakes have only a slightly negative effect on the system (fourth column), because increased evaporation is mostly offset by greater rainfall over the large Equatorial lakes in the White Nile. Also, even though most withdrawals are downstream of the new dam, temperature-induced increases in crop water requirements result in higher irrigation demands in Sudan (from 16.1 bcm/yr to 16.7 bcm/yr) and Ethiopia (from 3.4 bcm/yr to 3.8 bcm/yr). This in turn decreases project NPV because more water is removed from the system, such that incremental effects on hydropower production and irrigation deficits furthest downstream are increased (fifth column). The effect of the final linkage, changes in precipitation over irrigated lands, on the calculations is small (sixth column), because most of the irrigation in the Nile Basin is in arid lands, and changes in precipitation have a minor effect on the calculations.
[61] When all physical linkages are combined (Table 2 , seventh column), NPV is reduced to 5.0 billion U.S. dollars (IRR = 9.4%). This decrease results from same three factors mentioned above: (1) reduced hydropower production in the new dam (10100 GWh/yr, compared to the 10890 under historical conditions) ( Figure 6 ); (2) downstream reduction in hydropower produced from the High Aswan Dam; and (3) the increase in unmet target water demands in the downstream system due to higher temperatures. Under historical conditions, the regulated flow from the Blue Nile Dam enables Sudan to meet target demands without affecting the irrigation furthest downstream. With A2 scenario temperature and crop water demand increases, Blue Nile flow regulation due to the dam project still allows Sudan to achieve its target withdrawals. This increased level of upstream abstractions, however, somewhat increases deficits furthest downstream.
[62] One important point is that these shifting deficits result from model assumptions that do not prioritize water use in any particular location; that is, the precise location of these demand shortfalls could in reality be quite different since these could be shared among riparians. Still, it is possible that climate change could impact water availability such that existing plans for irrigation expansion require water abstractions that cannot be maintained over the long term. Upstream storage appears to have the potential to reduce total deficits in the system, but only cooperation among riparians would ensure that reservoir releases could be managed most effectively.
[63] In contrast to the physical linkages, the economic linkages increase the value of the project. This is because of the hypothesized positive link between climate change and the real value of hydropower. A Blue Nile dam easily provides enough energy to outweigh decreases in power generated downstream (eighth column). Also, carbon offsets at this site outweigh estimated construction and reservoir emissions and therefore also contribute to increasing net benefits (tenth column). The assumed increase in the value of water over time (due to increased water demand and reduced supply) only slightly raises the value of the dam because the project has only a modest impact on system deficits (ninth column). The net positive effect of the economic linkages results in a project NPV of 7.9 billion U.S. dollars (IRR = 10.8%) when all linkages are included (eleventh column), which is slightly higher than the NPV assuming historical conditions.
Results of the Integrated Hydroeconomic Simulations: Effects of Uncertainty
[64] Consistent with these results with fixed valuation parameters, the economic simulations that instead allow these parameters to vary over the ranges in Table 1 reveal that the linkages with lower inflow and temperature-related increases in crop water requirements both shift the distribution of possible NPV outcomes to the left (Figure 7a ). For the decrease in runoff, the shift is about 2.0 billion U.S. dollars at the median of the distribution (2.1 billion U.S. dollars at the mean), but very few (only 1.7%) simulations result in negative NPV. The increased crop water requirements (from rising temperature) in the system shifts the distribution an additional −340 million U.S. dollars at the median (−280 at the mean), and the percentage of simulations that yield negative NPV is 3.0%. The other physical linkages have a small negative impact on the NPV distributions. The cumulative effect of all physical linkages is thus a decrease of 2.4 billion U.S. dollars at the median of the NPV distribution (2.6 at the mean) relative to historical conditions, and 3.4% of simulations yield a negative project NPV, compared with 0.2% in the historical case.
[65] Also similar to the analysis with fixed valuation parameters, the effect of the economic climate change linkages is mostly to increase the economic value of the Blue Nile Dam (Figure 7b ). Including increases in the real value of hydropower shifts the median of the distribution to the right by about 1.8 billion U.S. dollars (2.5 at the mean), and decreases the percentage of simulations with negative NPV outcomes to about 1.1%. The increased real value of water has a minor impact of +20 million U.S. dollars at the median (−50 at the mean). Finally, including the value of carbon offsets in the economic analysis shifts the distribution to the right by an additional 1.5 billion U.S. dollars at the median (1.6 at the mean). Once all linkages are included, only 0.3% of simulations yield negative NPV outcomes, and the economic value of the dam is higher than under historical conditions in over 96% of the simulations (Figure 7b ). These results suggest that a Blue Nile hydropower dam may provide adaptation benefits to the region, at least under these particular conditions. Negative economic outcomes here only occur with an unlikely convergence of negative factors: extended periods of reduced flows from the Blue Nile coupled with large increases in the relative cost of irrigation demand shortfalls, a low value of carbon offsets and hydropower, as well as capital costs that are much higher than expected. Also importantly, these simulations reveal that there is a large spread of potential economic outcomes from the project, ranging from an NPV of close to zero to very large NPV outcomes of nearly 25 billion U.S. dollars. This large spread is what conventional water resources project appraisal techniques tend to miss.
Additional Sensitivity Analysis
[66] Given this large spread and the particularly strong negative effect of reduced (and highly uncertain) runoff in the river, additional sensitivity analyses were conducted over a wider range of inflow changes, including all climate linkages and the A2 scenario temperature projections. These experiments show that economic outcomes are highly sensitive to changes in inflows (Figure 8 ). The span in median NPV across the range of inflow sensitivity scenarios, from −15% to +6%, is about 10 billion U.S. dollars (−15% inflows median NPV = 2.9 billion U.S. dollars; +6% median NPV = 12.9 billion U.S. dollars). Also, the point at which the dam's value decreases from the historical climate condition is somewhere between a 5% and 10% decrease in system inflows. If flow were to decrease by 15% in the Nile Basin, the simulations show that it is somewhat likely that the Blue Nile Dam project would not pass a cost-benefit test (21% of simulations yield a negative NPV outcome), though median and mean NPV outcomes remain positive. On the other hand, if flows increase by 6% or even stay the same, the project would pass a cost-benefit test under most conditions.
[67] Thus, in this particular application, changes in inflows do more to change outcomes than the inclusion of the other physical climate change linkages, which sum to −0.1 billion U.S. dollars at the median (Figure 7 ). The linkages with the strongest influence on economic outcomes are the negative effect of increasing crop water demand (−0.3 billion U.S. dollars) and the positive effects of the increased real value of hydropower (+1.5 billion U.S. dollars) and carbon offsets (+1.6 billion U.S. dollars).
[68] Other parameters in the economic appraisal model also have an important effect on project NPV, though no single parameter is sufficient to induce a negative project NPV on its own (Figure 9 ). These parameters are: the discount rate (see Jeuland [2010] for a more in-depth discussion of the problem of discounting for project appraisal in the context of climate change), the value of energy (both base hydropower value and percent change in real value over time), the length of the time horizon, natural hydrological variability (determined by the stochastic sequence number that is randomly selected for the simulation), the value of downstream irrigation water, and construction delays. Comparing Figures 9a and 9b , it becomes clear that many of the same parameters contribute to the variation in outcomes under historical and A2 scenario conditions. However, the uncertainty associated with climate-perturbed inflows (spanning 10 billion U.S. dollars) is second only to the discount rate, which alone alters the dam's economic value by 14.0 billion U.S. dollars in the climate change scenario). The inability of current modeling techniques to predict runoff precisely therefore represents a significant source of uncertainty in the economics of Blue Nile hydropower infrastructures. Not surprisingly, the other parameter that contributes to a large change in outcomes (third in importance; spanning 8.3 billion U.S. dollars) is the value of energy.
Discussion
[69] In this particular application of a new, integrated hydroeconomic simulation framework for conducting appraisal of water resources projects, it was shown that uncertainties associated with a variety of unknown and/or variable economic and physical parameters can combine to have a very significant impact on calculations of project Net Present Value. Plausible and modest changes in mean inflows, which are impossible to know precisely given the state of climate change science today, were second only to the discount rate (itself a controversial parameter as well, especially in the context of climate change) in shifting NPV outcomes. Other parameters that had a large effect on project NPV were the value of energy generated in the system, the length of the planning horizon, the natural hydrological variability in the Blue Nile, the value of downstream irrigation water, and the problems posed by construction delays. The individual physical climate change linkages were relatively less important than inflow changes, but an increase in crop water requirements due to climate change was shown to have important physical consequences in this system, via its effect on the availability of water in the downstream system.
[70] It would be incorrect to use the results of this paper to argue that the specific climate linkages modeled here are either complete or represent the most important effects in the Nile or in other river basins. A number of linkages have not been included (recall Figure 1) or have only been included in superficial ways. For example, the effect of rising temperature and changing precipitation on evapotranspiration of nonirrigated vegetation could have very significant impacts on soil moisture and subsequent runoff in the basin, effects which have been ignored here. Importantly, feedbacks between water availability or economic factors (such as the value of water or energy) and the irrigation "demands" in the system, have not been modeled. The quantity of water demanded is in reality simultaneously determined by supply and demand. Thus, demand deficits may be overstated, since irrigators or other farmers would likely adapt to changes in water availability, perhaps by switching cropping patterns, increasing or decreasing irrigated areas, changing farming and irrigation technology, etc. Policy makers might also intervene, by changing food security and import policies, or pricing of water and incentives in water-consuming sectors more generally. There is no reason why such linkages could not be included in the analytical framework presented here, but additional work would be required to obtain a reasonable functional representation in any particular location or setting.
[71] This analysis was meant to illustrate a methodological approach for integrating climate change into the conventional reservoir planning problem, and should not be considered a full economic appraisal of this project. To be viewed as such, the analysis would need to satisfy additional requirements, including, e.g., (1) more detailed analysis of the distributive impacts of the project, (2) consideration of different designs and operating rules (i.e., coordination of releases with downstream irrigation or other water supply requirements) for the infrastructure in question, (3) assessment of the economics of alternative projects, and (4) the performance of these projects across a wide variety of plausible future climate conditions. The reader should be reminded that the analysis assumed that the Blue Nile Dam would be operated based on proposed operating rules designed to maximize hydropower production. Coordination with downstream demands or storage levels in Lake Nasser would surely allow greater reduction of downstream demand shortfalls under climate change, though this would come at the cost of reduced hydropower generation. Similarly, combinations of dams might provide synergies in (or increase risks associated with) hydropower-based development. In addition, the economics of different rules for sharing deficits have not been analyzed. The tradeoffs in costs and benefits and shadow prices for water under different coordination strategies have not been assessed in this research.
[72] Also, it is possible that no project in the choice set of alternatives will perform best in all plausible future scenarios (recall that this has been a common critique of optimization-based planning models). To illustrate this point, consider results from a very simple comparison of the infrastructure modeled here with a smaller dam design (Figure 10 ). If it was known that system inflows would decrease by 15%, risk-averse policy makers might opt for a smaller, less expensive dam option. The median NPV for this design is 3.1 billion U.S. dollars compared to 2.8 U.S. dollars for the larger option, and the percentage of negative NPV outcomes is about 13%, compared with 25% for the larger option (not to mention that the magnitude of negative NPV outcomes is much less). On the other hand, for the historical case or increased future inflows, the NPV distributions for the larger design, which produces more hydropower, dominate that of the smaller design. In such a future, selection of a smaller dam would have resulted in major foregone benefits. Of course, the problem is that future climate-affected inflows are unknown. In such cases, decision-analytic tools can help policy makers to select solutions that are both robust to key uncertainties and maintain the possibility of high economic gains. Depending on their objectives, policy makers might use conservative decision rules that minimize downside risk across the universe of possible climate scenarios, implement risk-taking strategies that maximize potential future upside, or choose rules that somehow balance these objectives. Real options theory can also help to guide decision makers toward thinking about how design features (siting, sizing, creating redundancies, timing) and flexible operating regimes (institutional and structural) can improve project outcomes.
Conclusions
[73] This research demonstrated the use of a hydroeconomic framework for assessing the economic value of new infrastructures when future climatic, hydrological and economic conditions are highly uncertain. The novel aspect of this research is its exploration of the simultaneous influence of a number of physical and economic effects of climate change on project Net Present Value: physical changes in runoff, net evaporation from reservoirs, and crop water requirements in irrigation, as well as economic changes in the value of water and energy, and the value of carbon offsets.
[74] An important goal of the research was to learn about the importance of including such linkages when conducting project assessments. In this application, four of the modeled linkages proved noteworthy: changes in runoff, crop water requirements, the changing value of energy, and the inclusion of carbon offset value. Another important result was the finding that the linkages may have compensating effects. It was shown that decreases associated with physical linkages and reduced runoff could in this case be offset by increased benefits from higher energy values and the inclusion of carbon offset value. The overall effect of modeling the linkages was to increase the percentage of outcomes at the upper end of the cumulative NPV distribution. It thus seems possible that a Blue Nile dam could provide greater benefits under climate change than in the historical condition.
[75] Still, it is an empirical question where different linkages will be most important, and research is clearly needed to better understand them. Data permitting, attempts should thus be made to identify, understand, and build such functional relationships into water resources models, to better explore where they are likely to be important, and how natural and economic feedbacks may influence outcomes. The roles of adaptation in the agriculture sector, population migration, and land degradation, e.g., have scarcely been considered in water resources planning.
